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Introduction
Nanowires (NWs) are outstanding materials for the development of gas and biological sensors due to their high surface-to-volume ratio. Beside their excellent optical and electrical properties, one of the advantages of zinc oxide (ZnO) material over other wide band gap semiconductors is the extensive variety of nanostructures (wires, belts, combs, springs, helixes, rings, cages, 1 tetrapods 2 …) that can be grown by cost-effective techniques such as vapor phase transport (VPT), 3 or solution-phase synthesis. 4 Particularly, ZnO based NWs have been thoroughly studied in the last years due to its facile fabrication procedure and suitable properties for the development of gas sensing 5, 6 and UV light detection applications. 7, 8 The axial electrical conduction of ZnO NWs is strongly influenced by the negative charges trapped in the sidewall surface and the consequent surface band bending (BB). 7 The adsorption of oxygen at the ZnO surface occurs by trapping free electrons from the NW bulk, thus reducing the electrical conductivity of the NW. Illumination of the NWs with UV light produces an excess of photo-generated holes that are swept to the surface and recombined through the surface levels turning them into neutral states. As a result of this process, oxygen is released from the surface while trapped negative charges are moved towards the NW core, resulting in a reduction of the space charge region (SCR) width (wSCR) at the surface. After UV illumination, the recovery time is governed by the trapping times in the surface levels, leading to long reset times. 9, 10 The fabrication of biosensors requires the functionalization of the surface using selfassembled monolayers (SAM) to attach recognition elements such as antibodies, singlestranded DNA, or enzymes. The covalent binding of an organic SAM onto the ZnO surface has been demonstrated using carboxylic acid, 11, 12 thiol 13, 14 and silane 15, 16 based compounds as linkers. However, most of those works are focused on the chemical modification of ZnO nanoparticles and films, with few studies addressing the surface functionalization of ZnO 4 NWs. 17 In this work, we study the silanization of ZnO NWs after surface hydroxylation by oxygen plasma. The silanization process of hydroxylated ZnO is based on the displacement of alkoxy groups in the silane molecule by the hydroxyl groups (-OH), forming Si-O-Si covalent bonds along the ZnO surface. 18 In general, the formation of the SAM is expected to induce changes in the electronic structure of the surface with different charge transfer phenomena that can affect the current-voltage (I-V) characteristics of the NWs and modify the electrical contact characteristics between NW and electrode. 19 Contact potential difference (CPD) and surface photovoltage (SPV) measurements allow for non-destructive and contactless investigation of the surface energetics of metals and semiconductors. Whereas CPD measurements performed in dark allow quantification of the work function and surface charge density, SPV provides information about the surface BB.
The exposure of the surface to sufficiently intense above-band gap light leads to the splitting of the quasi-Fermi levels, the screening of surface charges, and the flattening of the surface BB. Therefore, the variation of the CPD value under that kind of illumination provides a direct measurement of the surface BB.
In this work, the ZnO surfaces are analyzed by contact angle measurements, scanning electron microscopy (SEM), atomic force microscopy (AFM) and X-ray photoelectron spectroscopy (XPS) in order to characterize the surface properties after hydroxylation and silanization. In addition, the effect of the chemical modification on the surface BB is analyzed by CPD and SPV measurements. Finally, I-V characteristics in single ZnO NW devices are analyzed in dark conditions in order to study the effects of the BB variations on the electrical conduction of the NW. For this characterization, a single NW is aligned and integrated between a pair of conductive electrodes by means of dielectrophoresis (DEP).
Experimental details
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A. Material
Vertically aligned ZnO NWs are grown by chemical vapor transport using a Tempress quartz furnace as thoroughly explained elsewhere. 20 These NWs are synthesized on a Si(100) substrate covered with a 7-nm thick Zn seed layer, using micro-sized Zn powder (5.5 N purity) and O2 as solid and gas precursors, respectively, and Ar as carrier gas. Described process is carried out at 900 ºC during 180 s, utilizing a mass of Zn powder of 0.5 g, an Ar:O2 ratio of 1:1, and a total gas flux of 200 sccm, obtaining NWs with diameters between 100 and 500 nm and average lengths of 10 µm as determined by SEM. The resulting samples are analyzed by the techniques mentioned above. For the sake of comparison, a high purity aplane ZnO bulk crystal, whose non-polar surface resembles the NW facet (m-plane), 21 is used as a reference sample in both contact angle and XPS measurements. In order to prepare a uniform dispersion of NWs for the processing of an electronic device, the NW sample is immersed in ethanol and sonicated for a few seconds. Further processing steps towards the fabrication of a single NW device are described in section G.
B. Hydroxylation and silanization of ZnO surfaces
For the hydroxylation of m-plane (NW sidewall) and a-plane (bulk crystal) ZnO surfaces, both samples are sequentially dipped in hot ethanol, acetone and ethanol for 5 minutes, dried in N2 and finally transferred to a oxygen plasma system (100-E TePla). Once the samples are loaded into the plasma chamber, it is pumped down to 10 -1 mbar in order to preserve the chamber clean of contaminants; then, O2 gas valve is opened, increasing the residual pressure up to 1.4 mbar. Finally, a 200-W power plasma is turned on for 5 minutes. Plasma treatment ensures the completely cleaning of surface organic contaminants and also promotes the formation of a uniform and stable coverage of -OH on the ZnO surface. 22 The silanization process is carried out in a glove box under Ar ambient (O2 < 1 ppm and H2O < 2 ppm) in order to prevent the oligomerization of APDEMS molecules due to the ambient exposure. 23 
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The samples are dipped in an APDEMS solution (0.02 M APDEMS in toluene) and stored in the glove box for 90 min. After that, samples are rinsed in toluene, isopropanol and dried in N2.
C. Static water contact angle measurements
A home-made system is used to investigate the contact angle of deionized water (resistivity, ρ = 18 MΩ cm) droplets on the chemically modified m-plane and a-plane surfaces of NW and bulk reference samples, respectively. Images of 3 µl droplets deposited onto the sample surfaces are acquired using a video camera and later analyzed by image processing software with an accuracy of ±1º.
D. Scanning electron microscopy and atomic force microscopy
The morphology of the sample surface is analyzed by SEM (Philips XL30) at 10 kV operation voltage, and AFM images obtained with a Digital Instruments MultiMode system in tapping-mode using silicon tips at scan frequencies between 0.5 and 0.8 Hz. Image processing, including analysis of step heights, surface roughness, and homogeneity are performed using Nanoscope and WSxM software.
E. X-ray photoelectron spectroscopy
Surface chemical changes are analyzed by XPS, carried out in an ultrahigh vacuum system equipped with a SPECS XR-50 Mg-Anode X-ray source (KEα = 1253.6 eV) and a SPECS Phoibos 100 hemispherical analyzer with an MCD-5 detector. Experimental data are acquired using a pass energy of 25 eV at a takeoff angle of 0° relative to the surface normal. The examined area is adjusted to about 7 mm 2 using a combination of a mechanical aperture, entrance and exit slits, and electron optics of the analyzer.
For analysis, the raw data are processed by subtraction of a linear or Shirley backgrounds and fitted with a Gaussian-Lorentzian mixed function, also called quasi-Voigt, using the software CasaXPS provided by SPECS GmbH (Berlin, Germany).. 24 For the analytical 7 estimation of the relative element molar fraction, first the background accounting for the secondary electrons is removed using a Shirley function, then element peak is fitted using a
Gaussian-Lorentzian mixed function. The integral of the peak is divided by a relative sensitivity factor (R.S.F.) which is characteristic of each element. The R.S. optimized in previous works in order to improve the NW alignment efficiency. 25 After alignment, both NW ends are covered with 100-nm thick Al electrodes defined by photolithography and lift-off, aiming to ensure good ohmic characteristics of the NW contacts. The gap width between electrodes tries to match the length of the NW giving some 8 room to both sides of the NW to stand on AZO electrodes. Shorter distances may cause electrode short-circuiting during the Al electrode formation whereas a much larger distance may reduce the probability of holding both sides of the NW during DEP. For those reasons, the distance between the AZO electrodes is chosen to be 6 µm. As the average NW length is about 10 µm, those electrodes make possible the interelectrode bridge with a few microns NW length standing on each electrode.
Then, ZnO NW surface is firstly hydroxylated and later silanized as explained above.
Finally, I-V characteristics of the resultant device are measured at every surface treatment step in dark conditions, aiming to observe variations produced by -OH and APDEMS surface coverages on the electrical conduction of the NW.
Results and discussions
A. Surface wettability
A 3 µl droplet of deionized water is drop-casted on top of an a-plane ZnO bulk crystal reference sample and a ZnO NW template after hydroxylation and silanization, following the procedures described above. Figure 1(a,b) show contact angle images after hydroxylation, presenting values around 5º and 15º for the bulk crystal and the NW sample, respectively, and revealing strong hydrophilic behaviour, as observed in previous works. 26 After silanization ( figure 1(c,d) ), the surface turns hydrophobic exhibiting an increase of the contact angles up to 55º, in the a-plane bulk crystal, and 83º, in the NW sample. The contact angle obtained for silanized a-plane bulk crystal sample is close to that value measured in SiC surfaces functionalized by APDEMS. 24 In addition, the higher contact angle observed in the NW sample is associated to the nanostructured morphology of the surface, which according to the Cassie's model, 27 the droplets can stand on forming a high contact angle. 
where λn is the photon wavelength at the center of the peak, and I0 and ISAM are the photoelectron intensity after hydroxylation and silanization, respectively. Expression (1) is used to determine the dSAM in the NW and a-plane bulk crystal samples yielding values of 0.37 and 0.58 nm, respectively. Surface coverage is calculated from those values, using expression (2):
where ρAPDEMS and MAPDEMS are the density and molar mass of APDEMS, respectively, and NA is the Avogadro's constant. From expression (2), the surface coverage after silanization is calculated to be 8.0×10 13 defined as the sum of the ZnO work function (ΦZnO), the surface BB (Φs) and the energy step associated to the negative surface dipole induced by the hydroxyl group (ΦOH) ( figure 5(a) ).
Therefore, the surface work function of the hydroxylated ZnO NW surface is estimated to be Φ = eVCPD + ΦAu = 5.02 eV. For silanized surfaces, the dark CPD values decreases down to -0.59 eV (CPD energy plateau observed in the red curve of figure 4 for times ranged between 0 and 7 min), which means that the local vacuum level is lowered by a negative energy step induced by the reduction of the surface dipole, due to the charge distribution in the adlayer ΦAPDEMS ( figure   5(b) ). Then, the surface work function of the silanized ZnO NW surface is calculated to be Φ = eVCPD + ΦAu = 4.11 eV. As VCPD is negative in this case, the work function of the silanized 15 surface is lower than the Au work function. This is a direct consequence of surface dipole reduction after silanization also observed in the XPS analysis of the O peak. Solving the Poisson's equation, in thermal equilibrium, for a n-type semiconductor with a single set of discrete surface states of acceptor type, it is possible to obtain the density of surface states (Nss) from the Φs expression (3):
where Nd is the donor density, εZnO is the relative permittivity for ZnO (11ε0), ε0 is the vacuum permittivity (8.85×10 -12 C/V m), and e is the electron charge (1.602×10 -19 C). 
D. Single NW device characterization
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The surface studies discussed above are completed with the characterization of the electrical conductivity in a single ZnO NW. As the device fabrication method always ends up with an organic cleaning to remove the rests of photoresist after the lift-off stage, the described hydroxylation process stabilizes the surface providing a uniform and stable -OH group coating that helps the interpretation of the I-V results, setting a reproducible scenario for any further surface modification. Figure 6 shows a layer schematic and a SEM image of the resultant device. In the SEM image ( figure 6(b) ), dashed lines are used to highlight electrodes composed by Al and Al doped ZnO (AZO). I-V characteristics of the fabricated devices are measured after every surface treatment (figure 7). After hydroxylation (black curve), the device presents a current of 0.3 nA at 5 V which is much lower than those values measured in the NW devices before any surface treatment (blue curve) and a non-linear behaviour that will be analyzed in depth later on. Comparing to the hydroxylated device, the silanized device (red curve) presents higher current levels (3 nA at 5V). In order to understand this change of the current, the wSCR value is calculated at every step from the BB magnitude obtained in SPV measurements (figure 4) and using expression (4):
The values obtained for wSCR are 78 and 47 nm for hydroxylated and silanized devices, respectively. From figure 6(b), the NW radius (rNW) and length are estimated to be around 60 nm and 4 µm, respectively. Subtracting wSCR from rNW, the hydroxylated device is expected to be fully depleted (wSCR > rNW), while the silanized device has a wSCR value lower than the radius. Similar results have been obtained in a previous work, where current levels of devices with the same geometry were demonstrated to be directly related by rNW of the ZnO NW. 25 Therefore, that higher current levels measured in the silanized device (or even higher 18 untreated ZnO NW based devices) are suggested to be a direct consequence of the SCR narrowing, which means an increase of the conductive volume.
Furthermore, the increase of the conductive volume is also suggested to have a positive effect on the contact linearly such as observed in the inset of figure 7 , where the I-V curve changes from non-linear to linear after silanization. Although the free charge emission mainly occurs from the naked surface of the NW, the increase of the free charge density inside the NW can enhance tunneling transport through the contact built-in voltage. 33 Quantum theory predicts that the increase of the carrier population in the NW increases the transmission probability through a potential barrier. This result agrees with a previous studies on NWs of different diameters, 25 where it is found that the increase of the conductive volume provokes, it is observed that the NW silanization improves the linear characteristic of the contact formed between the NW and the Al electrode mainly due to the increase of the total free charge in the NW, which can benefit the output parameters of ion-gated field-effect transistors.
